Laser flash photolysis studies of electron transfer between semiquinone and fully reduced free flavins and horse heart cytochrome c (ionic strength/steric effects/redox enzymes/ldnetics/electrostatics)
ABSTRACT Laser flash photolysis has been used to determine the second-order rate constants for the reduction of horse heart cytochrome c by the semiquinone and fully reduced forms of various flavin analogs. We find that substitution in the dimethylbenzene ring of the flavin causes appreciable changes in the rate constants, whereas substitutions at the N-10 position do not. Placing a charged phosphate group in the N-10 ribityl side chain leads to only small ionic strength effects on the rate constants, whereas a charged group attached to the dimethylbenzene ring produces a large-ionic strength effect. These results can be accounted for by assuming that a productive collision between flavin and cytochrome involves an orientation that positions the aromatic ring-N-5 region of the flavin toward the heme-crevice and the N-10-pyrimidine ring region away from it. Our observations have implications for mechanistic understanding of biological electron transfer reactions and are discussed in this context.
Electron transfer reactions are involved in some of the most fundamental processes in biology -for example, respiration, photosynthesis, and nitrogen fixation. The redox interaction that occurs between a pair of reagents that are free to diffuse involves a minimum of two (3) is probably more advanced than that of other systems.
In the present work, we utilized two structurally well-defined biological redox reagents, free flavins and horse heart cytochrome c (HHC), to study the influence of electrostatic charge and steric factors on the complex-formation step in the electron transfer process. Our results clearly demonstrate that the interactions between the reactant molecules reflect the properties of highly localized regions of the structures. Thus, any detailed interpretation of mechanism must take this into account. For example, we present evidence to show that attempts to explain the effects of ionic strength on rate constants by assuming that the reactants are uniform spheres whose charge is that of the entire molecule (e.g., ref. 4) are greatly oversimplified. Similarly, we show unambiguously that potential steric interferences between reaction partners can be avoided by mutual orientations within the complex which allow electron transfer but which preclude unfavorable contacts between bulky side chain groups.
MATERIALS AND METHODS Riboflavin, FMN (sodium salt), and HHC (ferri form, type VI) were obtained from Sigma. Lumiflavin and 10-methylisoalloxazine were prepared as described (5). 7,8-Dichlororiboflavin was synthesized as indicated (6) buffer (pH 7.0). The samples were prepared in 10 mm Thunberg tubes by a series of evacuation cycles under nitrogen gas to remove oxygen and then kept in the dark prior to laser excitation. The flash photolysis experiments were conducted at 25°C as described (7), with 436-nm excitation. Data were obtained by averaging four flashes (Nicolet 1072 signal averager).
The reaction kinetics of FH (produced at a concentration of approximately 0.5 ,uM by the reaction of flavin triplet with EDTA) and of FH-(produced by subsequent disproportionation of FH ) with HHC were studied at 553-554 nm (isosbestic point for HHC reduction) and 570 nm (decrease in absorbance on reduction), respectively. The decay kinetics of FH, in the absence of HHC, due to the disproportionation reaction was observed at 560 nm. A molar absorptivity value of 4700 M-'cm-' (8) was used to calculate the rate constant. This was assumed to be the same for all analogs (7). The pseudo-firstorder rate constants for the reduction of HHC by FH, with different flavin analogs, were determined by digitizing the kinetic traces at a particular cytochrome concentration and analyzing the data with a Nova 2 minicomputer. This involved the use of parallel second-order (flavin disproportionation) and pseudo-first-order (cytochrome reduction) reactions. The secAbbreviations: 10-MI, 10-methylisoalloxazine; C12RF, dichlororiboflavin; AcCys-TARF, 8 
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The publication costs ofthis article were defrayed in part by page charge payment. This article. must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. ond-order flavin disproportionation rate constant was determined independently (see above). Any error in these values which results from the assumption that all semiquinone species have the same extinction coefficient does not affect the computer-determined value for the cytochrome reduction rate constant.
In order to improve the quality of the computer fits in terms ofleast squares error, the reference voltage (baseline value) was varied from 5% to 10%. The calculated pseudo-first-order rate constants (kOb) were then plotted against the initial ferricytochrome concentrations. The second-order rate constants for HHC reduction by FH were determined by least squares analysis of such plots (estimated error, ±10%). The second-order rate constants for HHC reduction by FH-were determined from the directly measured kobs values at various cytochrome concentrations by least squares analysis (estimated error, ± 10%). In this case, there is no interference from semiquinone decay because the reduction rates are much slower than the disproportionation rates.
RESULTS
Flash photolysis offlavins at pH 7.0 leads predominately to the formation of FH and FH- (9) , both of which are capable of reducing HHC (10) . HHC (Fig. 1) . We therefore would predict that the diffusion-controlled limit for the FH-reaction with HHC should be smaller than that for FH, which is consistent with our observations. It is useful to note that, because the difference in redox potential between the cytochrome and the flavin reductants is large, this likely dominates the electron transfer rates, and we would expect structural effects to be relatively small.
Lumiflavin and FMN have rate constants for reduction of HHC that are essentially identical for both FH and FH-forms. This is unexpected from an electrostatic viewpoint because the difference in charge between these two flavins is ca. -1.9. Thus, it would be anticipated that, due to the positive charge surrounding the exposed heme edge, which is the assumed site of electron transfer (2), both FMNH and FMNH-would have larger rate constants than the corresponding forms of LF. It is also clear that the ribityl side chain does not introduce any steric constraints. Moreover, lowering the ionic strength had only a small effect on the rate constants for FMNH (net charge, ca.
-2) and FMNH-(net charge, ca. -2.8) reduction (11% and 47% increases, respectively). This is in contrast to the observation that the rate constant for the reaction of HHC with a trivalent anion, ferricyanide, increases ca. 10-fold over the ionic strength range studied (18) . Furthermore, reaction ofa divalent anion, Fe (EDTA)2, shows an increase in rate constant of ca. 4-fold over this range of ionic strengths (Table 2) .
These results indicate that the charges on the flavin pyrimidine ring and the side chain at the N-10 position have a small or negligible electrostatic interaction with HHC. However, we also find that substitution ofa negative charge at the 8-a position (AcCys-TARF) results in a 2-fold increase in the rate constant when the phosphate concentration is decreased from 100 to 20 mM. This increase is consistent with that expected from the reaction of HHC with the monovalent anion S02-, where a 2-fold increase in rate constant is observed over the ionic strength (9) . range 180-30 mM (19) . Thus, we conclude that interaction between flavin and cytochrome takes place through the N-5-dimethylbenzene ring region of the flavin moiety, with the substituents at the N-10 position and the charge state of the pyrimidine ring being relatively unimportant. Further support for this conclusion comes from the 10-MI analog which has an increased rate constant (Table 1) , as expected if the methyl groups at flavin ring positions 7 and 8 provided some steric hindrance. This interaction mode is also consistent with the 8-a-substituted analog results (AcCys-TARF, Table 1 ) for which, at the same ionic strength, a 50% decrease in rate constant was observed relative to lumiflavin, riboflavin, and FMN.
The work of Gray (20) has shown that redox reagents containing aromatic rings react considerably faster with HHC than do those that have polar or charged surfaces. This presumably is a consequence of the nonpolar nature of the heme environment. Because of this, it is reasonable to expect that the aromatic ring of the flavin molecule would be more likely to participate in complex formation with the cytochrome than would any of the more polar portions of the molecule. Experiments with a wide variety ofnonphysiological reactants (2, 21) , as well as cytochromes b5, cl, and oxidase (22) (23) (24) (25) , all indicate that electron transfer takes place in this region of the HHC structure.
It remains now to rationalize the effect of 7,8-dichloro substitution of the flavin. One would not expect this to alter the 3teric properties of the molecule inasmuch as a chlorine atom is approximately the same size as a methyl group. However, the high electronegativity of chlorine will alter the charge distribution in the molecule; resulting in an increased electron density in the benzene ring which affects unfavorably the interaction with the nonpolar heme crevice of the cytochrome. In the case of the FH reaction, this unfavorable effect could be compensated for by an increase in the unpaired spin density in the aromatic ring, leading to little or no change in the observed rate constant. Further investigation ofthis would be ofinterest.
It is interesting that, in flavodoxin, the only solvent-exposed portion of the coenzyme is the nonpolar dimethylbenzene ring and electron transfer is believed to proceed via this region (refs. 3 and 14 and references therein). Thus, the orientation that free flavins assume relative to HHC in the present model system may well have broad implications for flavoenzyme biochemistry.
CONCLUSIONS
The experiments reported here reveal some subtle factors that influence the formation of productive complexes between large biochemical redox reagents. We have shown that the presence of a charged group within a molecule does not necessarily require that its reaction partner experience an appreciable elec- (4, 26, 27) .
Thus, it is clearly an oversimplification to utilize total net charge in such calculations. A similar effect was noted by Gray et aL (28) who pointed out that the surface oftrifluoroacetylated HHC is markedly asymmetric with negative charges far removed from the heme edge which do not influence electron transfer reactivity. The studies reported here establish that this is also true with relatively small asymmetric reactants such as the flavins. Thus, it becomes important to consider the possibility that the mutual positioning of the reactant surfaces can act to modulate electrostatic interactions.
A similar conclusion can be drawn with respect to steric effects. Biomolecules are often found to have structural regions that play no apparent role in the chemical transformations involved in catalytic processes, such as the ribityl phosphate side chain of FMN or the large fraction of the surface of a protein that is not immediately adjacent to the active site. Although it seems fairly obvious that the latter may be inconsequential to catalysis, such may not always be the case with smaller molecules. However, it is important to recognize that structural flexibility and the possibility ofmultiple orientations may enter into the dynamics of biomolecular interactions so as to prevent unfavorable contacts. This may be especially applicable to electron transfer proteins such as the cytochromes or the flavodoxins which do not have well-defined substrate binding sites and which probably depend upon mutual overlap between catalytically active surfaces to carry out their biochemical function.
